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ABSTRACT

A study of very-low-frequency hiss emissions in the
region 677 to 2528 km and 35° to 75° invariant latitude (in
the northern hemisphere) using the Injun 5 Poynting flux
measurement technique is presented. Downgoing ELF hiss is
observed over the entire region of altitude-invariant latitude
space under study, whereas ELF hiss having an upward-directed
net Poynting flux is only observed at invariaht latitudes
below about 60°. A new propagation phenomenon is proposed
in which downgoing ELF hiss may propagate across the plasma-
pause boundary to lower latitudes and become subsequently
reflected and trapped within the plasmasphere. Measurements
indicate that at least part of the VLF hiss which is observed
by the Injun 5 satellite must be generated above the Injun 5
altitude range. A new type of sub-auroral-zone VLF hiss has

been ébserved called mid-latitude hiss.



I. INTRODUCTION

This paper reports on studies of very-low-frequency
hiss using the Poynting flux measurement techniques of the
Injun 5 satellite. The theoretical basis for the Poynting
flux measurements with the Injun 5 satellite is presented in
the preceding paper [Mosier and Gurnett, 1976], hereafter
referred to as Paper . The purpose of this paper is to pre-
sent the results of detailed studies of hiss phenomena beyond
those reported by Mosier and Gurnett [1969].

Injun 5 is a low-altitude (677 to 2528 km), polar-
orbiting satellite launched on 8 August 1968 and carrying
a VLF (30 Hz to 10 kHz) electric and magnetic fields experiment
[Gurnett et al., 1969]. The satellite is magnetically oriented
such that, when properly aligned, the x axis of the satellite
is parallel to the geomagnetic field and,the electric antenna
axis (y axis) and magnetic antenna axis (z axis) are perpen-
dicular to the geomagnetic field, as well as to each other
(see Figﬁre 1). Referring to Paper 1 and making a permu-
tation of coordinate axes for the Injun 5 satellite geometry,
it has been shown that, for a single plane wave, the measure-
ment of the time-averaged correlation <Esz> between the
electric and magnetic signals is sufficient to determine the
direction of the Poynting flux <Sx> along the geomagnetic

field (x axis). For multiple waves such as hiss, certain



restrictions must be applied to this correlation mgaéurement.

. As discussed in Paper 1, the proportionality factor between
<Esz> and <Sx> is a function of both the wave normal angle

6 and the azimuthal angular orientation of the satellite
(refer to the azimuthal coordinate § in Paper 1). At frequen-
cies above the local LHR frequency, the proportiomnality factor
goes to zero at the resonance cone for two azimuthal angular
positions (¢ = n/2 and ¢y = 37/2, as defined in Paper 1). At
all other azimuthal satellite orientations, the proportionality
factor is nearly isotropic as & function of Q. Below the
local LHR frequency, the anisotropy is not so pronounced (the
proportionality factor does not go to zero) and as the proton
gyrofrequency 1is approached, the proportionality factor ceases
to be & function of the wave normal angle. If a measurement
is performed under conditions such that the proportionality
factor is highly anisotropic, then one cannot make a definite
conclusion regarding the direction of the net Poynting flux

of the waves. One can only say that if a correlation for a
given direction is observed, then there must be at least some
waves propagating in that direction, up or»down the field
lines. However, if a sufficient number of measurements are
made such that they are distributed over the range of azimuthal
orientations, then the occurrence of measurements having iso-
tropic proportionality factors (as & function of 0) allows one

to accurately determine the net Poynting flux direction. One



further qualification must be made: if waves are observed to
be propagating both up and down the geomagnetic field, then
nothing can be said concerning the relative intensities of the
upgoing and downgoing components unless the measurement is
vrerformed near the proton gyrofrequency where the proportion-
ality factor is isotropic for all azimuthal orientations. For
a description of the correlation measurement techiique, the
reader is referred to Mosier and Gurnett [1969].

The Injun 5 datea presented in this paper were acquired
by the North Liberty Data Acquisition FAcility of The Univer-
sity of Iowa during the periods 31 December 1968 through 25
February 1969 and 4 March 1969 through 12 May 1969. Of the
1529 Injun 5 revolutions during these periods, VLF data
were acquired for 628 revolutions and data fof the Poynting
flux measurements were obtained from the study of 329 revolu-
tions., These 329 revolutions were chosen to give a good
sampling of both magnetic local day (0600 - 1800 MLT) and
magnetic local night (1800-- 0600 MLT) and are distridbuted
throughout the December through May time period. These data
cover the range of invariant latitudes (INVL) from approxi-

mately 35° to T75°.



II. ELF HISS

A. Results of ObservAtions

In the initial results of the Injun 5 Poynting flux
measurements reported by Mosier and Gurnett [1969], 12 ex-
amples of ELF hiss had been observed below 1500 km by the Poyn-
ting flux measurement technique, the net Poynting flux of
which were determined to be directed downward. In addition,
reflections of downgoing waves near the two-ion cutoff fre-
quency were observed (see Figure 5 of Mosier and Gurnett
[1969]). However, in the more detailed study reported in this
paper, ELF hiss has been observed in which the net Poynting
flux is directed up the geomagnetic field (in the northern
hemisphere). In this section, the resulte of the ELF hiss
study will be discussed and a propagation mechanism will be
proposed to explain the ohservations of upgoing hiss.

Of the 329 Injun 5 revolutions which were studied,
ELF hiss was identified in 1k0 revolutions; The results of
the correlation measurements from these 140 revolutions are
presented in Figures 2 and 3. In Figure 2, the Injun 5 orbit
is plotted, in altitude versus invariant latitude, for all
times at which the Poynting flux was observed to be
directed down the geomagnetic field. Figure 3 is a similar
plot for observations in which the Poynting flux was

directed up the field. As can be seen from these plots,



downgoing ELF hiss was observed over the entire region of

altitude~invariant latitude space under study, whereas the

highest latitude at which the net Poynting flux of ELF hiss

was directed upward is approximately 60° INVL. Furthermore,

with the exception of three isolated observations of less

than one minute duration, all observed cases of upgoing ELF

hiss below 1500 km occurred at local night, between 1800

and 0600 MLT, It should be noted that the data presented

in Figures 2 and 3 overlap in many cases, since both upgoing

and downgoing hiss are often observed in the same region.
Since the high-latitude cutoff for upgoing ELF

hiss coincides with the approximate location of the plasma-

pause - light ion trough boundary [Carpenter, 1966; Taylor

et al., 1969], data from the AFCRL electron density probe

on Injun 5 were examined to find out if the transition in

net Poynting flux direction corresponds with the location

of the plasmapause boundary for individual cases. In five

of 16 cases studied, the transition occurred at lower latitudes,

within several degrees of the abrupt decregse in the electron

density gradient profile, In the remaining 1l cases, the

transition occurred at the same latitude as the abrupt density

decrease (R. Sagalyn, personal communication). This abrupt

decrease in the electron density gradient may be identified



with the plasmapause boundary, although at low altitudes
the plasmapause does not always exhibit a well-defined density
decrease (D.L. Carpenter, personal communication).

A typical example of the transition in net Poynting
flux direction in the region of the plasmapause boundary
is illustrated in Figure 4, After a slight peak in elec-
tron density at 1L41Lk:30 UT, N, begins to decrease with the
largest density gradient, identified as the plasmapause,
occurring between 1U417:30 and 1418 UT, at approximately 56.5°
INVL (L = 3.3)., The transition from an upward to a down-
ward-directed net Poynting flux occurs near the plasmapause
boundary at about 1418:30 at all frequencies at which the
emission is observed. The correlation measurement at 250Hz
in Figure I intercepts the lower frequency cutoff of the ELF
niss (visible in the 30-650 Hz electric and magnetic spectra)
at 1413:30 UT. In this measurement, the net Poynting flux
at the cutoff is directed upwards.

Two other features are often present in the
300 Hz to 10 kHz electric receiver spectra at plasmapause
crossings and can be seen in Figure 4. First, a breakup
in the LHR noise band begins at 141T7:40 UT, with the noise
continuing until approximately 1420 UT. The LHR breakup
at the plasmapause has been identified and discussed by

Carpenter et al., [1968]. Secondly, the electric antenna



impedance increases sharply between 1418:30 and 1419 UT,
Since the impedance is & function of both the electron
density and the electron temperature, it must be concluded
that either the density or temperature, or both, undergo a
rather discontinuous change at that time. The plot of Ne
versus time in Figure 4 from the AFCRL probe does not reflect
this feature since the electron density calibration is =a
function of electron temperature and spacecraft potemntial,
neither of which were available at the time these preliminary
electron density data were prepared. For the'plot in Figure
b, a constant temperature and potential were assumed. Never-
theless, this simplification can only affect the magnitude
of the density gradient, but not its general location or
features.

As a check on the validity of the transition in
the direction of the net Poynting flux, large phase shifts
(up to 80°) were introduced in both the electric and magnetic
signals prior to making the correlation measurement for a
large number of cases iIn which a transition occurred. Since
this transition often occurs at very nearly the same time
that & large change in the electric antenna impedance is
observed (see Figure 4), and since a large input impedance
to the electric presmplifier may produce relgtive phase shiftis
between the electric and magnetic signals of thezbrder of 10

to 20°, it might be argued that the observed change in the net



Poynting flux directionm is an instrumental effect. However,
in all of the cases checked, very large phase‘shifts (50-80°)
vere required to change the sign of the correlation measure-
ment for both downgoing and upgoing hiss, indicating that
phase errors of the order of 50° or less are not oeccurring
at the receiver input. 1In addition, in a large number of ob-
servations of ELF hiss, short-fractional-hop whistlers were
observed simulteneously and were always found to be upgoing,
a8 expected. Whenever short-fractional-hop whistlers were
simultaneously observed on both sides of a transitionm in
Poynting flux directiomn, identical phase shifts were required
to change the signs of both the ELF hiss correlation and the
whistler correlation measurements, giving very good evidence
that the change in the net Poynting flux direction of ELF
hiss as determined by the measurement is indeed a real effect.
It is therefore concluded that large electric antennsa impedances
are not affecting the correlation measurements of ELF hiss.

Ag discussed in the previous section, the proportionality
factor between <Ey Bz> and <Sx> is highly anisotropic at
only two azimuthal orientations. Since ELF hiss has been
continuously observed for time periods comparable to one=half
the azimuthal rotation period, and since the large number of
ELF hiss observations are exPected to be statistically dis-
tributed over all azimuthal angular positions of the satellite,

at least some, and most probably a very large number, of the
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ELF hiss mesasurements were performed under conditions of a
‘nearly isotropic (with respect to 6) proportionality fé.ctor9
thus ensuring the validity of tne net Poynting flux deter~
mination, In addition, no systematic dependence of the correlas-
tion measurements on the deviations of the satellite from

exact magnetic alignment has been observed for any of the

ELF hiss cases studied. It is therefore concluded that errors
in the magnetic alignment of the satellite did not affect

the Poynting flux determinations for ELF hiss.

B, Interpretation of Results

The observations of downgoing ELF hiss over the
entire range of altitude and invariant latitude under study
is in agreement with previous evidence on the direction of pro=
pagation of ELF hiss. Kennel and Petschek [1966] suggested
that the generation of VLF whistler-mode noise at high alti-
tudes near the eguatorial plane might account for the wave
energy necessary to drive observed pitch-angle diffusion,
resulting in particle precipitation into the ionosphere.
Russell et al. [1969] have observed the frequent occurrence
of steady ELF noise near the equator at a&ll local times for L
values less than 6 and at magnetic 1atitudgs around 45° above
L = 6 in the sunward hemisphere. In addition, Gurnett and
Burns [1968] explained the sharp lower cutoff frequency of
ELF hiss in the ionosphere in terms of the reflection of

dovnward-propagating waves.
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The observetions of upgoing ELF higs can be explained
in terms of a propagation effect in which downgoing waves
may propagate across the plasmapsuse to lower lgtitudes and
be subsequently refracted upwards and trappgd within the
plasmapphere. This explanation is able to account for
(1) the high-latitude cutoff of upgoing ELF hiss, (2) the
decrease, during local anight, of the minimum altitude at
wvhich upgoing ELF hiss is observed, and (3) the observation
of upgoing ELF hiss with a low-frequency cutoff (see Figure
k).

In order to examine this propagation effect, con-
sider a wave propagating down the geomagnetic field in the
lov-density region on the high-latitude side of the plasma-
pause boundary. The refractive index surface for this wave
is ehown in Figure 5(c). Also shown in Figure 5 is a plot
of the refractive index for perpendicular propagation n"/Z
versus aititude in the plasmasphere for Injun 5 altitudes
(Figure 5(a)) and a plot of the electron demsity Ne versus
latitude at the plasmapause (Figure T(b)). If the down-
going wave is not propagating exsctly parallel (8 = 0) to
the geomagnetic field, then it can propagate across field
lines to lower latitudes, thereby crossiﬁg the plasmapause
boundary and entering & region of higher density. The density
increase at the plasmapause may be as much as a factor of 5

to 10. By Snell’s law, n, will remain nearly constant across
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the horizontal gradient as the wave propagates into the
higher density region. However, n; will increase with in-

creasing electron density, thereby increasing the wave
normal angle 6. Since 6 is still less than %/2, the wave
will continue %o prapaga%e downward. If, hovever, the
wave 1is above the altitude'at which nw7? in the plasmasphere
is a minimum, nllwill decrease as the wave propagates down-
ward, causing 6 to finally become equal to wn/2. At this
point, nn can no longer decrease and the wave will refract
upwards (6 > w/2). On the other hand, if the wave crosses
the plasmapause boundary at an altitude below which a
rinimum in the refractive index for perpendicular propagation
occurs, then the wave will be able to propagate into the
lower jonosphere.

In order to investigate the behavior of the re-
fractive index for perpendicular propagation nﬁ/2 as a
function of altitude, nﬂ/2 was calculated in a computer pro-
gran using several different ionospheric models computed by
Colin and Dufour [1968] for solar wminimum conditions. These
models provide a suitable indication of the behavior of
n /o @8 functions of both altitude and local time. For
daytime ionospheric models at solar minimum, the altitude
at which e minimﬁﬁ in n"/z occurs ranges from approximately
1500 km to above 3000 km. For nighttime models, however,

this altitude can decrease by a factor of two teo three, to
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wvell below 1000 km. Thus, the propagation model described
above can account for the fact that ELF hiss having an
upvard-directed net Poynting flux iz observed below 1500 km
only during loca% night. 1In addition, the ionospheric model
programs indicated that there was no substantial dependence
of the minimum nwlz altitude upon frequency over the fre-
quency range of ELF hiss. This is in agreement with the
observations which show that the change in the net Poynting
flux direction occurs at very nearly the same time at all
frequencies (see Figure L4).

The propagetion model presented-above is also
able to explain the observation of an upward-directed net
Poynting flux at the lower frequency cutoff of ELF hiss.
Consider again a wave propagating down the geomagnetic field
Just outside the plasmapause boundary. The two-ion cutof?f
frequency in this region will decrease with increasing
altitude, At some given altitude h#, only waves with fre-
quencies grgafer than or equal to the local two-ion cutoff
frequency f* may be observed; all waves with frequencies
less than‘f* will have been reflected, outéide the plasma-~
sphere, at altitudes greater than h%®. The waves with fre-
quencies greater than £% which are able to propagate to
altitudes below h¥ may cross the plasmapause boundary and
be refracted upwards, as discussed above. If the satellite

is at or near the altitude h® within the plasmasphere, these

upgoing waves will be observed at the satellite. However,
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upgoing waves at frequencies less than f# will not be observed
since they are not able to enter the plasmasphere below the
satellite. Thus, & lower frequency cutoff of waves having

an upward-directed net Poynting flux will be observed.
Referring to Figure 4, it is seen that the observed cutoff
frequency does not change appreciably as the plasmapause

is crossed, in support of the conclusion that the cutoff
frequency observed inside the plasmasphere in this case is
actually near the two-ion cutoff frequency for downgoing
waves outside the plasmasphere at the same altitude, rather
than near the local two-ion cutoff frequencyvat the satellite
as discussed by Gurnett and Burns [1968]. The observation of
a cutoff frequency different from the local two-ion cutoff
frequency can also explain the occasional observation, by
several investigators, of a cutoff frequency above the

local proton gyrofrequency (in a plasma, the_local two~-ion
cutoff frequency is always less than the proton gyrofre-
quency). In Figure b, for example, the local proton gyro-
frequency increases from 255 Hz at 1412 UT to 305 Hz at

1418 UT, whereas the observed lower cutoff frequency of the
ELF hiss band decreases from about 260 Hz to about 200 Hz
over this period. The above observations provide further
support for the explanation of the low~f?e§uency cutoff of

ELF hiss given by Gurnett and Burns [1968].
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Other mechanisms have been considered as am explana-
tion of the observations of upgoing ELF hiss in the plas-
masphere. It has been suggested by Heyborne et al., [1969]
that the observed cutoff of VLF signals beyond the plasma-
pause in the 1onosphere might be due to & sharp increase in
absorption in the lower ionosphere beyond the plasmapause,
Such an absorption increase might provide for a relative
absence of upgoing waves outside the piasmasphere wvhile
allowing downgoing waves to reflect and propagate upward
within the plasmasphere. Such & mechanism, however, cannot
account for the diurnal variation of the minimum altitude
at which an upward-directed net Poynting flux is observed
in the plasmasphere. It is therefore concluded that such
reflections in the lower ionosphere can oanly contribute in
small part, if at all, to the observed behavior of ELF hiss
propagation. Similarly, a source of ELF hiss at low alti-
tudes in the plasmasphere (in addition to sources at high
altitudes) might successfully explain the observations of an
upward~directed net Poynting flux in the plasmasphere, dbut
it cannot explain the observation of a low-frequency cutoff

in the upgoing waves.
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III. VLF HISS

‘A. Results of Observations

The results of correlation measuréments of VLF hiss
from 40 Injun 5 revolutions support the preliminary results
on VLF hiss presented by Mosier and Gurnett [1969]. In all
b0 cases, VLF hiss was observed to have components propaga-
ting both up and down the geomagnetic field lines.-

Several distinct forms of VLF hiss afe observed
in the Injun 5 dats, all of which exhibif both upgoing and
downgoing waves in the correlation measurement. Figure 6
illustrates the most commonly observed form of auroral-zone
VLF hiss. This type of hiss has been digcussed in detail by
Gurnett [1966], who referred to it as impulsive hiss, and is
characte:ized by spectral variations on a time scale of the
order of a second and a lower cutoff frequency that tends
initially to decrease with increasing latitude, reaching a
minimum at about T0° INVL, and then tends to inerease with
increasing latitude [Gurnett, 1966]. This latitudinal fre-
quency dependence is dramatically illustrated in Figure T,
vhich shows a transition between impulsive VLF hiss and a
smoother form of hiss,

Figures 8 and 9 illustrate two types of V-shaped
VLF hiss. This type of emission was first discussed by

Gurnett [1966], who found that V-shaped hiss often occurred
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in association with intense fluxes of 10 keV precipitating
electrons, using Injun 3 data. V-shaped hiss is characteri-
zed by narrovw bands of emission which exhibit a smooth, steady
variation of frequency with time. It may be symmetric in
shape, a8 in Figure 8, from which the "V-ghaped' name is
derived, or it may merely consist of segments of narrow
emission bands, as in Figure 9. V-shaped hiss is often
accompanied by a diffuse background of relatively weak VLF
hiss which, like the V-shaped hiss, exhibits both upgoing
and downgoing waves.

Illustrated in Figure 10 is & new type of VLF
hiss which occurs commonly at sub-auroral latitudes and
which is called mid-latitude hiss. Like auroral-zone hiss,
it exhibits both upgoing and downgoing waves. However,
vhereas auroral-zone VLF hiss is seldom observed at latitudes
below 65° INVL [Gurnett, 1966], mid-latitude hiss is not
usually observed above 65° INVL. It is characterized by a
narrov band of emission, of the order of 1 to 3 kHz in width,
and exhibits a2 small latitudinal frequency dependence, the
frequency decreasing with increasing latitude. Mid-latitude
hiss is not generally of an impulsive nature like suroral-
zone hiss, but rather gquite smooth and steady in intensity.
The lower frequency cutoff is usually quite sharp, while the

upper frequency cutoff is more diffuse and ill-defined.
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No dependence of the VLF hiss correlation results
upon the deviation from spacecraft magnetic alignment or
azimuthal orientation has been observed, and it is therefore
concluded that the misorientation of the satellite is not

affecting the Poynting flux determinations of VLF hiss.

B, Discussion of Results

Since VLF hiss is believed to occur almost entirely
above the local LHR frequency [Jdrgensen, 1968], it may not,
in general, be possible to draw any definite conclusions con-
cerning the direction of the net Poynting flux of VLF hiss.
However, one can conclude from the observations of downgoing
‘waves that at least part of the VLF hiss must be generated at
altitudes above the satellite, since (1) upgoing waves cannot
be reflected about the geomagnetic field line and (2) waves
from the opposite hemisphere with frequencies greater than
the equatorial electron gyrofrequency cannot propagate past
the equator. The simultaneous observations of upgoing VLF
hiss are probably due at least in part to the reflection of
downgoing waves near the altitude at which the wave frequency
is equal to the local LHR frequency, but there may also be
additional emission of VLF hiss below the satellite. Al-~
though the present Poynting flux measurements of VLF hiss are
congistent with emission mechanisms proposed by other inves-

tigators in which hiss is generated by Cerenkov radiation
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[see, for example, Jdrgensen, 1968.], there is insufficient
evidence from these measurements to draw any definite con-

clusions concerning the source mechsnism.
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IV. SAUCER-SHAPED EMISSIONS

The ssucer~shaped emission was first reported dy
Mosier and Gurnett [1969], who explained the saucer envelope
of the emissions in terms of & frequency-dependent limiting
ray angle for propagation from & source at low altitude
below the satellite. Since the initial data of Mosier and
Gurnett [1969] were reported, six additional cases of saucer-
shaped emissions have been studied; in each of these cases,
the correlation measurement <Ey Bz> indicates only upgoing
wvaves., These six cases represent all pessible displacement
directions for the satellite misalignment (refer to the dis-
cussion of misalignment errors in Paper 1) and it is expected
that the data are distributed over different values of the
azimuthal angular position of the satellite. As discussed
in the introduction, there is a range of azimuthal orientations
in which the proportionsality factor between <Ey Bz> and <Sx>
is nearly isotropic. Since it is highly unlikely that all
measurements would have been made for azimuthal orientetions
having large anisotropies in the proportionality factor, one
can conclude that the absence of downgoing waves in all of
the measurements indicetes that the net Poynting flux for

the saucer-shaped emission is directed upwerds.
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V. SUMMARY

A nevw propagation phenomenon has been proposed for
low altitudes in which downgoing ELF hiss may propagate
across the plasmapause boundary to lower latitudes and be-
come subsequently reflected and trapped within the plasma-
sphere. This propagation phenomenon is adble to explain the
following experimental observations:

(1) An upward-directed net Poynting flux of

ELF hiss in certain regions of the plasma-
sphere.

(2) The diurnal varjation of the minimum altitude
at which an upward-directed net Poynting flux
is observed.

(3) The low-frequency cutoff for upgoing ELF
hiss.,

() The low-frequency cutoffs of ELF hiss which
oceur above the local proton gyrofrequency.

Observations of VLF hiss indicate that at least
some of the hiss is generated at altitudes above the Injun 5
satellite, although no definite conclusionswéan be made
concerning the source mechanisms or the poséibility of hiss

generation below the satellite.

Observations of saucer~shaped emissions indicate
that the net Poynting flux is directed upwerds in all cases,

in agreement with earlier results.
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FIGURE CAPTIONS

Top view of the Injun 5 satellite showing the
orientation of the electric dipole and magnetic
loop antenna.

Injun 5 orbit plots for times during which down-
going ELF hiss was observed.

Injun 5 orbit plots for times during which upgoing
ELF hiss was observed. No upgoing hiss was ob-
served at asltitudes greater than approximately

60° INVL.

Correlation measurement of ELF hiss for a plasma-
pause crossing in which a transition from upgoing
to dovngoing waves ¢ccurred. The electron density
from the AFCRL probe is also plotted and indicates
that the transition occurs at the decrease in the
electron density gradient.

Diagram showing reflection mechanism of ELF hiss
in the plasmasphere.

Correlation measurement of impulsive auroral-zone

VLF hiss, showing both downgoing and upgoing waves.
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Correlation measurement of auroral-zone VLF hiss
showing stfong latitudinal dependence of lower
cutoff frequency.

Correlation measurement of a symmetric V-shaped
VLF hiss event showing both downgoing and upgoing
waves.

Correlation measurement of V-gshaped VLF hiss event
consisting of segments of narrow emission bands,
showing both downgoing and upgoing waves.
Correlation measurement of mid-lafitude VLF hiss,
showing both downgoing and upgoing waves. This
type of hiss is observed at latitudes below about
65° INVL.
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